Besides conventional laminated steel, softmagnetic composites (SMC) have been developed in the past decades to be used in electrical machines because they provide an isotropic 3-D magnetic flux path and eddy current losses are possibly lower when compared with laminated steel. This paper aims at analyzing the magnetic properties of SMC material using finite element (FE) model, in order to determine its macroscopic complex permeability in function of frequency. This allows saving computation time in more complex FE model by using an equivalent homogeneous material. A 2-D model is provided, comprising regular iron grains and non-conductive gaps. Eddy current losses in the grains are then computed in the frequency domain, neglecting magnetic saturation of the SMC material.
I. INTRODUCTION
In the recent years, there has been an immense increase in the use of soft magnetic composites (SMCs). The SMC material are classified into two parts: (1) powdered metallurgy non-sintered core material and (2) sintered magnetic core material. The powdered non-sintered material consists of small iron grains (<100 µm) surrounded by coatings of insulation [1] .
The insulation coatings can be organic or inorganic. Various coatings and their application have been studied in [2] . Iron grains are ferromagnetic which are generally used for low to medium frequency (<2kHz) applications [3] . The importance of this technique is peak material usage and potentiality to manufacture complicated structures [4] , [5] .
In sintered core, a small amount of Phosphorous is added to increase the magnetic flux density and permeability [1] . Predominantly, it is used for hybrid electric vehicles. The most quintessential SMC material is pure iron. However, there are other soft-magnetic alloys such as Fe-Ni, Fe-Si and Fe-Co that can provide better magnetic properties than pure iron [5] , [6] .
The saturation curve for the Fe-Co alloy has been observed to the maximal extent among all the alloys of iron in [7] . Presently, sheets of laminated silicon steel are widely used for the construction of core of the permanent magnet synchronous machines.
There is a huge demand of research in the field of highspeed machine to supply high power and torque at reduced volume.
For these high speed machines, core loss is an important factor. Conventionally, the electrical machines are provided with lamination silicon steel because of their low cost and high permeability. However, SMC material can be opted as an optimum replacement for lamination steel sheet as it renders 3-D magnetic flux path, lower eddy current losses at high frequency, flexibility in magnetic and thermal isotropy, high permeability and low coercivity [8] , [9] .
Despite of this, the procedure to manufacture the soft magnetic core is not acceptable for all the shapes and sizes [10] . The important difference between the laminated silicon steel and the soft magnetic composites is the production technique. Compaction of iron powder followed by annealing at a curie temperature of 500ᴼC is required for fabrication of SMC material [11] .
On the other hand, laminated silicon steel machines are constructed using punching process. Large-scale production cost of SMC material will be lower than laminated steel.
Although, the major difficulty associated with SMC is the cost of raw material, since low-priced laminated steel material is widely available in the market [12] , [13] . For a laminated steel machine, the flux must be confined to the 2-D plane.
Because of this reason, it is ill-fitted for some machine topologies such as claw-pole machine and transverse flux machines [14] . The SMC material can be set as a good aim for permanent magnet synchronous machines where permeability is not a paramount [15] . The magnetic saturation curve for SMC material is lower than laminated silicon steel.
The isotropic behavior of SMC material provides more degree of freedom for the linear analysis. Taking ecological aspect into account, the copper windings can be easily separated from the electrical machine having SMC stator core. It is easy to reprocess SMC material. However, it is very difficult in case of laminated silicon steel machines having traditional coil winding [16] .
In the past various homogenization techniques have been introduced in [17] and [18] for the determination of macroscopic permeability of SMC material. However, this does not take into account the effect of eddy current losses in the iron grains.
The permeability of SMC material is restricted due to insulation gap. For the determination of equivalent permeability of SMC with inclusion of eddy currents a method has been proposed in [19] . In this method, a mesoscale problem was defined and energy based evaluation technique was exploited for the determination of homogenized dynamic equations.
On the contrary, a frequency domain homogenization technique has been put forward in [20] for the laminated iron cores.
In this paper, a method is proposed to determine the complex macroscopic permeability of the SMC material as a function of frequency. Eddy current loss density is calculated in the frequency domain neglecting the effect of saturation in the iron grains. Furthermore, the macroscopic complex permeability is then determined from the computation of active and reactive power.
II. GEOMETRICAL MODEL OF THE SMC MATERIAL
For the model validation, a single grain model is considered first for the calculation of complex permeability in a frequency domain linear case. For the analysis purposes, a small fragment of 2-D SMC material model is taken into consideration that the computation can be implemented for any SMC material model. It is considered that this small fragment consists of n grain, where n is any integer value.
The iron grains are considered square, regular, isotropic, linear and non-touching in order to have more fill factor than circular grains. Considering single grain model in the initial, the value of magneto-motive force (MMF) is calculated analytically. The value obtained is then compared with the values of MMF obtained from the FE energy calculation. Figure 1 shows the geometry of the single iron grain 2-D SMC material model analyzed for this study. Considering, the size of this single grain model as 170 µm x 70 µm respectively consisting of one square iron grain. The size of the single iron grain is 70 µm x 70 µm and the insulation size on both sides of the grain is taken 50 µm x 70 µm.
Single Grain Model
Insulation is taken as air and has zero conductivity while the conductivity of iron grain σ is taken as 11.2 MS/m. The grains are considered as iron grains having relative permeability µr of 4000 where µ0 is the permeability of the vacuum (insulation) and it is 4π · 10 -7 H/m [21] . 
where Hn is the magnetic field strength (in A-t/m) over the complete material model and Ln is the length of the model (in m), NI is the amperes turns which is considered as constant for this case. Equation 1 can be then written as:
Using the data provided above, the value of ampere turns then can be obtained from the (2) and it is calculated as 79.57 A-t.
III. COMPUTATION OF MACROSCOPIC PERMEABILITY -LINEAR CASE
During the design process, it is computationally expensive to analyze the electromagnetic properties of the electrical machine made up of SMC material. In order to reduce the computational cost, a homogenization technique in the frequency domain has been proposed to calculate the macroscopic complex permeability of the SMC material taking into consideration the effect of eddy current. The effect of saturation is not considered in this analysis.
A. 2-D FE Energy Calculation
Using average flux density b and reluctivity ν, the complex power S, the iron grain domain Ω, averaged over a fundamental period, can be expressed as [22] :
where S is in volt-amperes, while P and Q are active power (in watts) and reactive power (in var) respectively, i is the imaginary unit and l is the length along the z direction (arbitrarily taken as 0.1 mm). Q is given by:
From (3) and (4), the complex reluctivity ν is computed as follows: ω ν − = (7) where s is the surface area of the 2D SMC material model.
The real value of the relative permeability for the 2-D FE SMC material model with single grain obtained from FE energy calculation at the low frequency (nearly DC condition) of 1Hz is 1.69 H/m. Since, the average imposed flux density is 1T and the length of the grain model is 170 µm, the value of A-t, then can be calculated as 80.01 A-t.
There is a variation of 0.55% between the values obtained analytically and the values obtained from FE energy calculation. Figure 2 shows the geometry of the 2-D SMC material model consisting of n = 20 grains analyzed for this study.
IV. APPLICATION EXAMPLE
The size of this material model is appropriated as 0.3 mm x 1.34 mm respectively. The insulation thickness is constant between different grains. The model is analyzed at different fill factors keeping constant the size.
In order to enumerate a known equivalent to the magnetic vector potential a, dirichlet boundary condition is imposed on the top and bottom of the 2-D SMC material model as shown in Figure 2 . The horizontal insulation space is li = 50 µm, while the insulation space between two separated iron grains is lc = 60 µm.
A. Frequency Domain Analysis-Linear Case
The magnetic vector potential a can be expressed in terms of weight functions wj (using Galerkin approach), where j is the index number of the node.
( y x a y x j j w a (8) The in-plane flux density b and the out of plane vector potential a are related as b = curl a [20] . For simplicity purposes, a reluctivity ν is considered. Alternatively, permeability can be considered. The number of unknowns is the same as the number of nodes in the finite element mesh. The governing system of equations, then can be showed as SA = J, where the stiffness matrix S, J is the vector along z-axis and Ωs is the domain of the SMC material:
The eddy current distribution inside each grain is computed using (10) , where Ω is the domain of iron grains:
for E J σ (10) Eddy currents are initially induced in each iron grain, as shown in Figure 4 . The surfaces of each iron grain are considered as a domain for eddy current density. For the purpose of making 2-D SMC material concise and to curtail the eddy current effect, it is assumed that the iron grains are perfectly congregated and are non-touching. If the grains are touching, it can lead to an increased value of net circulating current and hence leading to higher losses.
It can be stated from Figure 4 that the net value of imposed current density is zero as the amount of current entering inside each grain is equivalent to the current leaving the grain.
Due to the presence of eddy currents, it has real as well as imaginary part. The eddy current loss density P over the iron grain domain Ω then can be computed as:
where J 2 /2 = JJ*/2 (rms square). The skin depth, δ = 1/√πµσ f is calculated at frequency of 50Hz and it is obtained as 0.336 mm. Skin effect is visible when the skin depth is smaller than half the size of the grain, as illustrated in Figure 5 . At higher frequency of 10kHz, the flux is accumulated at the rim of the iron grains and it decreases towards the core in contrast with the flux accumulation at lower frequency of 50Hz which is lower at the rim and increases towards the core of the iron grains. 
A. Complex Permeability
The average magnetic flux density b with amplitude of 1T is imposed over the complete domain Ω of the 2-D SMC material model. For the analysis purposes, the frequency range is taken from 1Hz to 100kHz. Since, magnetic field strength h (A/m) is a complex value and b has only real part, the average permeability will be a complex value. Ω + = for i im re μ μ μ (12) The variation of real and imaginary part of the complex permeability w.r.t. frequency is shown in Figure 6 and Figure  7 respectively. The real part of the complex permeability decreases with increase in frequency due to the presence of eddy current loss density. Contrarily, the imaginary part represents the eddy current loss density. Figure 8 indicates the increase in eddy current loss density with increase in frequency which satisfies the relation in (11) (considering SMC material density as 7390 kg/m 3 ). However, the physical structure of the grains and insulation thickness greatly affects the eddy current loss density of the material model. The increase in eddy current loss density is not significant till 1kHz but increases notably after 1kHz because the real part of complex permeability remains constant till 1kHz and starts reducing after that. At higher frequencies, the eddy current loss density is enough to change the local value of flux density. Fig. 9 . Difference in eddy current loss density vs frequency at an average flux density of 1T taking 0.5 fill factor as reference value VI. CONCLUSIONS In this paper, a frequency domain FE simulation technique has been proposed for a 2-D SMC material model taking into consideration the effect of eddy current. The eddy current density has been distinctly modeled and computed for the 2-D SMC material model for the calculation eddy current loss density.
B. Eddy Current loss Density
A technique for the evaluation of the complex macroscopic permeability has been proposed taking into consideration the eddy currents using magnetic vector potential formulation. A macroscopic relative permeability graph has been obtained for the complete 2-D SMC material model. In the future, the non-linear analysis of the SMC material with inclusion of eddy currents will be performed.
The important conclusions strained from this analysis are:
• The variation of real part of complex relative permeability of 2-D SMC material modeled from 100Hz to 100kHz is 0.1%. The size, shape, insulation material and gap greatly effects the relative permeability of the material model.
• The SMC can be used for wide range of applications from 1Hz to 100kHz but the value of average flux density must be kept lower at higher frequencies as the eddy current losses are excessive at high frequency.
